Abstract -The scaling of the anomalous Hall effect (AHE) was investigated using amorphous and epitaxial FexSi1−x (0.43 <x<0.71) magnetic thin films by varying the longitudinal conductivity (σxx) using two different approaches: modifying the carrier mean free path (l) with chemical or structural disorder while holding the carrier concentration (n h ) constant or varying n h and keeping l constant. The anomalous Hall conductivity (σxy), when suitably normalized by magnetization and n h , is shown to be independent of σxx for all samples. This observation suggests a primary dependence on an intrinsic mechanism, unsurprising for the epitaxial high conductivity films where the Berry phase curvature mechanism is expected, but remarkable for the amorphous samples. That the amorphous samples show this scaling indicates a local atomic level description of a Berry phase, resulting in an intrinsic AHE in a system that lacks lattice periodicity.
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The consideration of topology has recently led to the emergence of new exotic physics; topological insulators and Weyl semimetals are two classes of materials where unique properties arise due to the topology of the electronic band structure [1] [2] [3] [4] [5] . Since its discovery, the Berry phase has helped explain diverse phenomena in condensed matter physics, including polarization, the spin and quantum Hall effect, contributions to orbital magnetism, and the intrinsic contribution to the anomalous Hall effect (AHE) in ferromagnets, which can be interpreted in terms of a Berry phase curvature in momentum space [6, 7] .
The AHE in ferromagnets arises from several origins. To parse these individual contributions, a unifying theory has been proposed based on the longitudinal conductivity, σ xx , or more specifically, the carrier lifetime τ [6, 8] . The theory splits the anomalous Hall conductivity (σ xy )i n t o three regions. In the clean limit (σ xx > 10
6 Ω −1 cm −1 )a t low temperature T , the skew-scattering mechanism, which is due to asymmetric spin scattering from impurities with spin-orbit coupling, dominates, and σ xy ∝ σ xx [6, 9, 10] . In the second regime (10
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the intrinsic (Berry phase) mechanism is the dominant contribution to σ xy . This contribution is associated with spin-orbit coupling which causes a gap to open at band anti-crossing points in the electronic band structure. If the Fermi energy lies near these points, a large Berry phase curvature occurs, giving rise to σ xy [6, 11] . In this regime, σ xy = constant. Numerous experimental results have verified the dependences of σ xy in these two regimes for, e.g., Fe, Co, Ni, and Gd [12] [13] [14] . The low σ xx regime (σ xx < 10
4 Ω −1 cm −1 , ρ xx > 100 µΩcm) is less well understood. Onoda et al. theoretically calculated σ xy ∝ σ by changing impurity concentration; in that work, magnetization (M ) is assumed to not change [8] . Similarly, experimental results from chalcogenide-spinel structures (CuCr 2 Se 4−x Br x ) [13, 15] [18] show σ xy ∝ σ n xx where 1.5 <n<1.8; in these works, M was not considered in the analysis.
The present work specifically investigates the two lower σ xx regimes. This study was performed at low T with two different approaches to change σ xx : i) modifying mean free path, l, using either chemical or structural order and holding the number of charge carriers (n h ) roughly constant or ii) changing n h and keeping l constant. Thin films of 57004-p1 Fe x Si 1−x (0.43 <x<0.71) are an ideal system for these investigations since deposition techniques allow access to both structural and chemical order [19, 20] . In the narrow composition range 0.67 <x<0.71, it is possible to fabricate both amorphous films and epitaxial films with different chemical order, D0 3 or B2; D0 3 is more chemically ordered while B2 is less. Due to these differences, significant changes in l can be realized while n h remains roughly constant. Moreover, amorphous films can be fabricated over a wide composition range, where l is constant and n h changes.
Amorphous and epitaxial Fe x Si 1−x thin films (0.43 < x<0.71; 70-100 nm thickness) were grown at room temperature and at 300
• C on (100) MgO and amorphousSiN x -on-Si substrates by electron-beam co-evaporation of Fe and Si. The structure of all films was measured using x-ray diffraction (XRD) and high-resolution cross-section transmission electron microscopy (HRXTEM) [19, 20] . Films with x =0 .71 and x =0 .67 grown at 300
• Co n MgO were epitaxial with D0 3 and B2 structure, respectively. For films with x =0 .43-0.71 grown at room temperature on SiN x /Si substrates, no peaks were observed in XRD. HRXTEM imaging was performed on two samples, x =0 .55 and 0.67. The x =0 .67 sample displayed a predominantly amorphous structure (80% volume fraction) with some embedded nanocrystals (∼20% volume fraction, ∼5nm diameter). The x =0 .55 sample was fully amorphous. Samples were patterned into Hall bars (40 µm × 120 µm) with 6 current-voltage (I − V ) leads using standard photolithography and wet etch techniques for Hall effect, magnetoresistance and resistivity measurements. Magnetization (M ) as a function of T and H was measured using a Quantum Design SQUID MPMS. Further sample preparation, characterization and measurement details can be found in the supplementary information.
Figure 1(a) shows longitudinal resistivity (ρ xx )a sa function of T for epitaxial or amorphous films with different x. The epitaxial films display typical metallic behavior: increasing ρ xx with increasing T , i.e. a positive temperature coefficient of resistivity (α)a ta l lT . ρ xx (T ) for the amorphous films is almost T -independent but depends strongly on x. For these films, the mean free path is approximately the interatomic distance and nearly temperature independent, leading to a small α, which changes sign from positive to negative with increasing x Previous work has shown that α correlates linearly with ρ xx ; in the present data, α crosses from positive to negative at approximately 150 µΩcm, typical for amorphous metals [21, 22] . The dependence of ρ xx on x and its independence of T indicates that the number of charge carriers decreases as x decreases. In the x =0 .43 sample, a clear minimum in ρ xx (T )a tT = 18 K is observed; this minimum is also present at T = 24 and 27 K for x =0.45 and 0.48, respectively. A resistivity minimum such as the one found here can result from the Kondo effect or resonant impurity scattering [23, 24] . Magnetoresistance (MR) measurements with H applied perpendicular to the film and to the current I and H applied in the film plane and either parallel or perpendicular to I were performed at various T on the amorphous x =0.43 sample shown in fig. 1(b) . The magnitude of the MR is small. At 16 and 30 K, all MR shows a positive H 2 dependence, typical for metals [25] . At 2 K, the out-ofplane MR is negative, and the in-plane MR switches from negative to positive with increasing H. Negative magnetoresistance can result from weak localization [26] or can be found in systems that exhibit resonant impurity scattering [23] . In the latter, the negative MR is attributed to interactions between local moments and conduction electrons: the magnetic field aligns local moments, reducing the disorder seen by conduction electrons. fig. 2 displays an exemplary curve for an amorphous sample with x =0 .53, and demonstrates hysteresis in M (H) at both 2 and 300 K. For a given x, M is ∼ 20% larger in the amorphous film than in the crystalline film, as discussed in references [19, 20] ; chemical order (either B2 or D0 3 ) in the epitaxial films leads to more Fe-Si pairs and thus a reduction in M . Ferromagnetism occurs in the amorphous Fe x Si 1−x system at x ∼ 0.40, consistent with previous work [27] ; the amorphous samples with x =0.43-0.48 are near this critical composition, and lack squareness in M (H). However, magnetic remanence and M at all H larger than for a paramagnet (for reasonable values of S) are observed, indicating that these samples have ferromagnetic interactions, and are not simply paramagnetic; we therefore call these samples weakly ferromagnetic (meaning low M and low T c ). The in-plane and out-of-plane M (H) curves are not significantly different for these amorphous x =0.43-0.48 samples, consistent with low M which leads to low shape anisotropy. The magnetic field dependence (H perpendicular to film plane) of transverse resistivity (ρ xy )a t2Ki ss h o w ni n fig. 3 . The Hall effect in ferromagnets has two contributions, one from the ordinary Hall effect (OHE) due to the Lorentz force, proportional to H, and one from the AHE due to asymmetric scattering, proportional to the perpendicular component of M (M z ). The equation describing this effect takes the form ρxy(total) = ρxy(OHE) + ρxy(AHE) = R 0 H + R s M z .
(1) Here, R is the ordinary Hall coefficient (R 0 = ±1/ne), and R s is the anomalous Hall coefficient. From ρ xy (H)a t large H (where M (H) has saturated) the ordinary Hall effect can be used to determine carrier concentration. The positive slope of ρ xy (H) shows that the primary charge carriers are holes, consistent with findings for Fe [28] and Fe 3 Si [29] . Since M (H) is not square for x =0 .43, 0.45 and 0.48, R 0 was extracted iteratively using the full relation in eq. (1). For x =0 .43, 0.45 and 0.48, this procedure gives n h at 2 K as approximately 5.6 × 10 21 cm −3 , 1.5 × 10 22 cm −3 and 1.6 × 10 22 cm −3 , respectively 1 .F o r higher x, ∂ρ xy /∂H is too small to measure and a linear extrapolation of n h was made based on reported values for x =1.0 and 0.75 [28, 29] . Figure 3 shows that ρ xy (AHE) is many times larger for the amorphous films than the epitaxial films with the same or similar compositions, an effect also seen in limited transport studies at low temperature of polycrystalline and amorphous vapor-quenched Fe [30] . In particular, we highlight the comparison between the x =0 .71 epitaxial and x =0 .71 amorphous samples where ρ xy and ρ xx are significantly larger in the latter, even though both samples have roughly the same M and n h . The inset of fig. 3 shows normalized out-of-plane magnetization and normalized ρ xy (AHE) for the x =0.43 sample. The slope due to the ordinary Hall effect has been removed from ρ xy (total) to show that the AHE scales with M z . Similar behavior was observed for all samples. ρ xy was also measured at higher T (i.e. 16, 30, 300 K) for some samples; the magnitude of ρ xy decreased compared to the 2 K value, quantitatively consistent with its scaling with M z . We also note that ρ xy is far larger for epitaxial x =0 .67 than for epitaxial x =0.71, a result that we attribute primarily to the difference in chemical order (B2 vs. D0 3 ) which leads to increased scattering for the B2 x =0 .67 sample, since the difference in n h is small.
The anomalous Hall conductivity is calculated from σ xy (AHE) = ρ xy (AHE)/(ρ [18] . ρ xy (AHE) is obtained by extrapolating ρ xy (total) to zero field. Since σ xy (AHE) ∝ ρ xy (AHE), both are ∝ M z [31] . In general, M changes as a function of composition and structure so (as in refs. [10, 31] ), it is essential to separate the dependence of σ xy on M from changes in impurities that lead to changes in σ xx . Figure 4(a) shows σ xy /M z vs. σ xx at 2 K for the Fe x Si 1−x thin films investigated and a series of Ga 1−y Mn y As samples at 15 K from [32] . The epitaxial samples and the amorphous sample with x =0.71 display σ xy /M z = constant while the lower σ xx amorphous samples show σ xy /M z ∝ σ
1.3
xx , qualitatively similar to the Ga 1−y Mn y As data.
We first discuss the regime where σ xy /M z is constant. It is notable that this occurs despite differences of more than a factor of 3 in ρ xx and about a factor of 10 in ρ xy ;t h i si sb e c a u s eσ xy is proportional to ρ xy /ρ 2 xx .I n this σ xx range, the change in n h is very small, while l varies significantly first by changing chemical order from D0 3 (x =0 .71) to B2 (x =0 .67) and then structural order (amorphous x =0 .71). Despite these structural changes and differences in magnetization, σ xy /M z is constant. Two mechanisms could give rise to this scaling: the intrinsic mechanism previously discussed and the sidejump mechanism. The side-jump mechanism, which is due to asymmetric spin scattering from impurities with spinorbit coupling, contributes much less to the AHE in this σ xx regime (10 4 Ω −1 cm −1 <σ xx < 10 6 Ω −1 cm −1 ) [8, 13] . In particular, calculations of bcc Fe show the intrinsic contribution comprises roughly 75% of the total signal; for this reason, we suggest it is also the dominant mechanism in these x ∼ 0.7F e x Si 1−x samples [33] . Most notably fig. 4(a) shows that the amorphous x =0 .71 sample falls in this scaling regime, indicating that the AHE for this sample also lies in the intrinsic regime.
Moreover, we suggest the same intrinsic mechanism is responsible for the behavior of the AHE in the low σ xx (lower x) range. These amorphous samples (0.43 < x<0.65) exhibit a σ xy /M z ∝ σ
xx scaling in fig. 4(a) . Note that plotting σ xy vs.
σ xx results in σ xy ∝ σ 3.1 xx , significantly different from the σ xy ∝ σ n xx (1.6 < n<1.8) relationship found in [13, 18] . Since the carrier concentration was explicitly modified in this σ xx range and the unifying theory was developed based on a change in τ [7, 8] , we suggest that to understand AHE, the dependence on n h must be removed. Specifically, in fig. 4(b dependence results in a constant value for all the samples, suggesting that the intrinsic mechanism is dominant in this regime as well.
The scaling observed here for Fe x Si 1−x is similar to that seen by Chun et al. in Ga 1−y Mn y As, where n h was varied to change σ xx [32] . In that report, the authors normalized σ xy by either M z or n 2/3 h ; this analysis led to two distinct scaling regimes. The metallic samples showed an intrinsic AHE (also verified by [34] ), where the magnitude of σ xy /n 2/3 h quantitatively corresponded to the strength of the exchange coupling between the local moments and conduction electrons (J pd ) predicted theoretically. The more insulating samples (σ xx < 10
2 Ω −1 cm −1 )d i splayed a linear scaling with σ xx for both σ xy /M z and σ xy /n 2/3 h , which was attributed to unspecified extrinsic origins. Figure 4(b) shows that normalizing σ xy by both M z and n 2/3 h produces a nearly constant value for all Ga 1−y Mn y As samples from Chun et al., similar to our Fe x Si 1−x results. While σ xy /M z n 2/3 h is constant for both Fe x Si 1−x and Ga 1−y Mn y As, the latter is two orders of magnitude larger than the former. We suggest this result originates from differences in J pd , which is larger in Ga 1−y Mn y As due perhaps to more localized wave functions (indicated by reduced σ xx ).
In conclusion, an anomalous Hall effect was observed in all samples; for comparable x, n h ,a n dM , ρ xy is of order ten times larger in the amorphous samples than in the crystalline ones, similar to the difference in ρ xx .A similar difference in ρ xy is seen between epitaxial samples with D0 3 and B2 structures. By instead considering the anomalous Hall conductivity σ xy and suitably normalizing by M z and n 2/3 h the AHE is roughly constant for all samples, suggesting a primary dependence of the AHE on the intrinsic mechanism. A comparable scaling is observed in GaMnAs films, although σ xy normalized by M z and n 2/3 h is nearly two orders of magnitude larger; we attribute this to differences in local coupling J pd . Our result is quite remarkable for the amorphous samples, which lack lattice periodicity, since the intrinsic mechanism originates from Berry phase curvature, suggesting that local structure as opposed to global symmetries plays the central role in the origin of AHE. * * * This work was supported by the US Department of Energy, Office of Science, Basic Energy Sciences, Materials Sciences and Engineering Division. We gratefully thank W. A. Saslow and A. Kowalewski for enlightening discussions and D. Mendinueto f o rh e l pw i t ht r a n s p o r t measurements.
